Abstract: Periodontitis is an infectious inflammatory disease that destroys the tooth-supporting tissues. It is initiated by complex subgingival biofilms, triggering an inflammatory response by the juxtaposed gingival tissue. The range of transcriptional events initiated in the gingiva following biofilm challenge is not fully elucidated. By employing gene microarray technology, this study aimed to characterize the overall transcriptional changes (more than two-fold regulation) of cultured human gingival fibroblasts in response to a 10-species in vitro subgingival biofilm model (BF), over a challenge period of 6 h. The relative involvement of the three 'red complex' species in these transcriptional events was evaluated by omitting these species from the biofilm composition (BF-RC). When compared with the unchallenged control, challenge with BF and BF-RC differentially regulated 386 and 428 genes, respectively, with an overlap of 52-75%. Interestingly, the expression of only three genes was significantly different between the BF and BF-RC challenged groups. There was also a strong overlap of the affected signalling pathways and gene ontology processes. These signalling pathways involved primarily the immune response, and included toll-like receptors, interleukin-1, interleukin-17 and heat-shock proteins 60 and 70. In conclusion, subgingival biofilms elicited a large number of transcriptional changes in gingival fibroblasts, while the presence of the 'red complex' in the biofilm did not yield any substantial differences. These findings show a uniform 'non-specific' transcriptional response of host cells to subgingival biofilms, and denote that redundancies may exist in the virulence properties of individual bacterial species within a polymicrobial biofilm community. 
Introduction
Periodontitis is a common oral infection characterised by the inflammatory-induced destruction of the tooth-supporting (periodontal) tissues. It is characterized by an excessive chronic inflammatory response of the resident tissues. This process will eventually lead to tooth loss, if the inflammation remains unresolved and the disease untreated. The inflammation is initiated by bacteria forming complex biofilm communities on the tooth surface and embedded into a dense extracellular matrix of both bacterial and host components (Marsh 2005) . Failure to eliminate the biofilms from the tooth surface will eventually result in subgingival growth of the biofilm. This will interact with the juxtaposed gingival tissue, which may respond by a cascade of tissue-destructive inflammatory reactions (Schenkein 2006) . Although more than 700 species can colonize in the oral cavity (Aas and others 2005) and approximately 500 of these species may be detected in subgingival biofilms (Paster and others 2001) , only a limited number is associated with periodontitis (Papapanou and others 2009 ). More evidently implicated in the etiology of the disease are Porphyromonas gingivalis, Treponema denticola and Tannerella forsythia, also designated as the "red complex" species (Socransky and others 1998) . Yet in light of recent evidence, polymicrobial synergy and dysbiosis is a detrimental factor for the initiation of periodontal disease, beyond the "red complex". In this respect, different members of the microbial community, or specific gene combinations, exhibit converging roles in eliciting the pathogenic mechanisms that govern the disease (Hajishengallis and others 2012; Hajishengallis and Lamont 2012) .
The physiological role of the gingival tissue is to support the tooth and form a first line of defense against the microorganisms of the developing biofilms. The gingival epithelial layers are disrupted by the bacteria of the biofilm or their individual components.
Consequently, it is possible for them to interact with the exposed gingival connective tissue, stimulating a cascade of inflammatory events that lead to periodontal tissue destruction.
Gingival fibroblasts (GF) are the major population of the gingival connective tissue. They are responsible for the synthesis and degradation of the extracellular matrix, and react to bacterial challenges by producing mediators of inflammation and bone resorption, as well as proteolytic enzymes Belibasakis and others 2011; Bostanci and others 2011) . In doing so, they are crucial for regulating the homeostasis of the periodontal tissues in health and disease (Bartold and others 2000) .
Transcriptomic analyses have been used in various models employing GF, for instance in order to compare the differences in gene expression patterns between GF and periodontal ligament cells (Han and Amar 2002) or gingival epithelial cells (Abiko and others 2004) , or between healthy and periodontally diseased tissues (Wang and others 2003) . In some experimental studies, gene microarray technologies have also been used to investigate the global transcriptional regulation in GF stimulated with inflammatory mediators, such as tumor necrosis factor (TNF)-α (Bage and others 2010; Davanian and others 2012a; Davanian and others 2012b). Alternatively, single bacterial species, such as P. gingivalis, have been used to challenge bone marrow stromal cells (Reddi and Belibasakis 2012) , or aortic smooth muscle cells (Zhang and others 2013) , and thereafter analysed for the occurring transcriptional responses. Nevertheless, no experimental studies are available which collectively investigate the transcriptional effects of multi-species biofilms, rather than single bacteria in planktonic state, on host cells. This approach is more relevant to the pathogenesis of periodontal diseases, as the etiological factor is polymicrobial biofilm. By employing a gene microarray platform, the present study aimed to characterise the global transcriptional profile of GF in response to a 10-species in vitro subgingival biofilm model. A further aim was to evaluate the relative involvement of the three "red complex" species, by excluding them from the biofilm composition and comparatively investigating the elicited effects.
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Methods
In vitro biofilm model
The 10-species in vitro biofilm model used in this study, consisted of bacteria primarily identified subgingivally. These were namely Campylobacter rectus (OMZ 698 forsythia. This biofilm variant was designated as "BF-RC". The biofilms were generated as previously described (Ammann and others 2013; Belibasakis and others 2013a; Belibasakis and others 2013b). Briefly, the bacteria were grown in 24-well cell culture plates on sintered hydroxyapatite discs, resembling a natural tooth surface. To achieve pellicle formation, these surfaces were pre-conditioned for 4 h with 800 µl foetal bovine serum (FBS), which was diluted 1:1 in 25 % of sterile physiological saline. To initiate biofilm formation, the hydroxyapatite discs were covered with 1.6 ml of growth medium consisting of 70 % FBS (diluted 1:10) and 30% modified fluid universal medium (mFUM) containing 0.3 % glucose, and 200 µl of a bacterial cell suspension containing equal volumes and densities from each strain. After 16 h of anaerobic incubation at 37 °C, the discs were transferred into wells with fresh medium, and incubated for further 48 h, in anaerobic atmosphere. During this timeperiod, the discs were "dip-washed" three times daily in physiological saline and were given fresh medium once daily. After a total 64 h of incubation, each biofilm-carrying hydroxyapatite disc was ready for placement onto the GF cultures, as described in the next section, for a challenge period of 6 h. After this time, the discs were collected and analysis of the composition of each individual species was performed by bacterial cell culture, or by immunofluorescence (IF), or by fluorescent in situ hybridization (FISH), as previously described (Belibasakis and others 2013a) . The statistical significance of differences in bacterial numbers between BF and BF-RC was calculated by the Student's t-test (P = 0.05).
Establishment of GF cell cultures and challenge with the biofilm
Primary human GF were established as previously described ( 
RNA extraction and cRNA preparation
Upon completion of the experiments, after 6 h of challenge, the culture supernatants were removed and the cell monolayers were washed twice in PBS, before being lysed. Then, total RNA was extracted by the RNeasy Mini Kit (QIAGEN, Hombrechtikon, Switzerland), and eluted in RNase-free water. The concentration of the eluted total RNA was measured by a NanoDrop 1000 spectrophotometer (Thermo Scientific, Reinach, Switzerland). For the further processing on the microarray template, the RNA concentration used was 100 ng/µl, in a total volume of 20 µl. The following procedures were performed at the microarray core facilities of the Functional Genomic Center Zürich (FGCZ), Switzerland.
The quality of the isolated RNA was determined with a NanoDrop 1000 spectophotometer and a Bioanalyzer 2100 (Agilent, Waldbronn, Germany). The 260 nm/280 nm ratio of the processed samples was in the range of 1.8-2.1, and the 28S/18S ratio in the range of 1.5-2.0. Total RNA (600 ng) was then reverse-transcribed into double-stranded cDNA in presence of RNA poly-A controls, RNA Spike-In Kit, One-Color (Agilent, Waldbronn, Germany). The double-stranded cDNA was then in vitro transcribed in presence of Cy3-labelled nucleotides using a Low RNA Input Linear Amp Kit+Cy dye, one-color kit (Agilent, Waldbronn, Germany). The Cy3-cRNA was purified using an RNeasy mini kit (QIAGEN, Hombrechtikon, Switzerland) and its quality and quantity were determined using NanoDrop 1000 and Bioanalyzer 2100. Samples with a total cRNA higher than 2 µg and a dye incorporation rate between 9-20 pmol/µg were considered further for hybridization.
Array hybridization, data processing and analysis
The Cy3-labeled cRNA samples (1.65 µg) were mixed with an Agilent Blocking Solution, subsequently randomly fragmented to 100-200 bp at 65°C with Fragmentation Buffer, and resuspended in hybridization buffer using a Gene Expression Hybridization Kit (Agilent, USA) for enrichment analysis of pathway maps and Gene Ontology (GO) processes, ranked based on the statistical significance (P value) of the uploaded data set.
Results
The bacterial composition of the biofilm was investigated following 6 h of co-culture with the GF (Table 1) . It was found that there were no statistically significant differences between BF 9 and BF-RC in the numeric composition of each individual species, with the exception of the P. gingivalis, T. forsythia and T. denticola, which were omitted in first place from BF-RC.
The potential cytotoxicity caused by either biofilm on the GF cultures was then investigated, after 6 h of challenge. No statistically significant differences were observed in the levels of extracellularely released LDH in BF or BF-RC, compared to the control (data not shown).
Therefore, further transcriptomic analysis was possible in this experimental system.
The expression of a total of 34,183 individual transcripts was assayed by this microarray. Pairwise comparisons were performed between the three study groups. To narrow-down the frame of reference of these comparisons, a cut-off threshold of 2-fold regulation (log2 ratio > 1) was chosen, either this referred to up-regulation or downregulation. Transcripts with a designated accession number, Entrez gene ID and Gene Symbol were taken into consideration for further analysis. Some of the regulated transcripts were represented more than once in this microarray platform. The overview of the numbers of regulated transcripts per group comparison is provided in Table 2 . Firstly, comparison was made between the BF and the control group. It was found that 419 transcripts were regulated in response to BF challenge, involving 230 up-regulated and 189 down-regulated transcripts (Table 2 ). The comparison between the BF-RC and the control group revealed that 460 transcripts were regulated, which involved 217 up-regulated and 243 down-regulated transcripts (Table 2A) . Strikingly, the direct comparison between the BF-RC and BF groups revealed that only 3 transcripts were differentially regulated (Table 2A) Table) .
Some of the measured transcripts encoded for the same unique genes, as defined by accession number and gene name. Hence, when the number of unique genes, rather than transcripts was considered, 386 genes were significantly regulated by BF and 428 by BF-RC, compared to the control. The degree of overlap of the regulated genes between these twogroup comparisons was further analyzed. It was found that, in relation to the control group, the BF and BF-RC challenge commonly up-regulated 153 transcripts and down-regulated 119 transcripts, respectively (Table 2B) .
It was the further aimed to analyse the pathway maps and GO processes regulated in response to the two biofilm variants. Starting with the pathway maps, 9/10 of the top regulated pathways in GF were identical in response to either BF or BF-RC (Table 3) An enrichment analysis was also performed with regards to the regulated GO processes (Table 4) . This revealed that 8/10 of the top regulated GO processes in GF were common in response to either BF (Table 4A) or BF-RC (Table 4B) , as compared to the control. All included the regulation of cellular and macromolecular metabolic and biosynthetic processes. The number of regulated genes per GO process was at a very close range between the two comparisons, with no more than 3 differentially regulated genes. The main observable difference was the regulation of DNA-dependent transcription and RNA biosynthetic processes, in response to BF-RC. Notably, these two GO processes appeared only at the end of the top-10 list.
Discussion
The present study employed a gene microarray platform to characterize the transcriptomic responses of human GF against an in vitro subgingival biofilm. Within the aims was the evaluation of the differential effects of the three "red complex" species, by selectively excluding them from the biofilm composition. The microbial composition of the remaining species yielded no significant differences between two biofilm variants, and any differences were less than 1-log. There was a narrow difference in the number of significantly regulated genes in response to either of the two biofilms (386 versus 428), with an overlap of 73-77%
and 52-68% up-regulated and down-regulated genes, respectively. There was also a very high collective evidence that subgingival biofilms regulate IL-1 signaling in GF, the present study demonstrates further that the involvement of the "red complex" species is not crucial for this.
Earlier studies used single bacterial species to investigate the full range of transcriptional events in a given cell type. For instance, in another microarray platform, P.
gingivalis alone was shown to regulate in bone marrow stromal cells genes associated with inhibition of cell cycle, induction of apoptosis and loss of structural integrity at 6 h, whereas at 24 h this response was characterised by induction of chemokines, cytokines and mediators of connective tissue and bone destruction, marking a deregulated homeostatic function (Reddi and Belibasakis 2012) . It has also been shown that F. nucleatum and P. gingivalis regulate the expression of the NF-kB pathway, including TNF-α, IL-1β, IL-8, and several cytokeratin gene family members, in oral epithelial cells. Nevertheless, there were trends of differential gene expression between the two bacterial species, with F. nucleatum inducing more transcriptional changes than P. gingivalis after 24 h, and only 91 genes commonly regulated in response to both pathogens (Milward and others 2007) . In another model, F. nucleatum and S. gordonii perturbed the gingival epithelial cell transcriptional responses to a lesser extent than P.
gingivalis or A. actinomycetemcomitans, indicating that a greater degree of host adaptation to commensal species, rather than putative pathogens (Handfield and others 2005) . Based on a follow-up of these findings, it was also evident that TLR pathways ultimately converge on cytokine gene expression (Hasegawa and others 2007) .
Transcriptional profiling data is also available from ex vivo samples obtained from patients with periodontal disease. Using a focused DNA microarray, it was found that human GF obtained from inflamed gingival tissues expressed higher levels of IL-1 cytokines, IL-6, IL-8, TNF-α, CD14, TLR-2 and TLR-4, than ones obtained from non-inflamed clinical healthy tissues (Wang and others 2003) . Although the microbiological profile of these tissue sites is not clear, the findings of this earlier study are in agreement with the present work, whereby the "subgingival" in vitro biofilm regulated the IL-1, TLR-2 and TLR-4 signaling pathways. Of parallel interest is also the finding that oral neutrophils obtained from periodontal disease patients display an altered transcriptomic profile, which is characterized 13 by up-regulation of pro-survival, and down-regulation of pro-apoptotic genes. This may be linked to the longevity of the neutrophil inflammatory response periodontitis (Lakschevitz and others 2013) . The host transcriptional profiles were examined in a murine calvarial model of inflammation and bone resorption, following mono-species infection with T. forsythia, T. denticola or P. gingivalis. The significantly affected biological pathways included leukocyte transendothelial migration, cell adhesion molecules related to the immune system, extracellular matrix-receptor interaction, adherens junction, and antigen processing and presentation (Bakthavatchalu and others 2010a; Bakthavatchalu and others 2010b; Meka and others 2010) . When this model was adapted for polymicrobial infection that included all three "red complex" species, it was shown that similar biological pathways were regulated as in the case of the mono-infection, but involved additionally cytokine and chemokine-associated pathways (Bakthavatchalu and others 2011) .
The most striking finding of the present study was revealed after the direct comparison of the transcriptional effects between BF and BF-RC groups. Among thousands of transcripts, only three genes proved to be were differentially regulated. These included CD86 and NR1I3.
CD86 is a receptor essential for T-cell responses, which can also be expressed by several nonlymphoid cells (Romero-Tlalolini and others 2013), including oral epithelial cells in response to F. nucleatum (Han and others 2003) . NR1I3 encodes for the constitutive androstane receptor (CAR), a member of the nuclear steroid/thyroid hormone receptor superfamily that regulates hepatic metabolism and detoxification (Zelko and Negishi 2000) . In conclusion, a large number of transcriptional changes are activated in GF in response to subgingival biofilms. These are primarily associated with the innate immune response. The presence of the three "red complex" species as part of the multi-species biofilm did not yield meaningful differential responses, at least not at the transcriptional level.
Collectively, these findings denote that subgingival biofilms can cause a uniform "non- The detection and counting of T. denticola was performed by FISH, using DNA probe TrepG1-679-Cy3 (5' to 3' sequence: GATTCCACCCCTACACTT). The data represents the bacterial mean counts ± SD from triplicate biofilm cultures. BF; 10-species biofilm challenged group, BF-RC; 7-species biofilm challenged group (in which the "red complex" was absent from the composition). The table presents the number of transcripts significantly (P<0.01) regulated more than 2-fold in between groups. Control; Un-challenged group, BF; 10-species biofilm challenged group, BF-RC; 7-species biofilm challenged group (in which the "red complex" was absent from the composition). The table presents the total number of genes regulated, as well as the overlap of regulated genes (percentage) by the two biofilms, in compared to the unchallenged control. Control;
Tables
B. Overlap of regulated genes in response to BF and BF-RF
Group comparisons
Un-challenged group, BF; 10-species biofilm challenged group, BF-RC; 7-species biofilm challenged group (in which the "red complex" was absent from the composition). 
